Torque rheometry offers potential for in-line monitoring use, screening polymers, and on site optimization of polymer dose by treatment plant operators. This study investigates the peaks formed following direct polymer injection into sludge during rheological analysis. The peaks enable observation of both flocculation and deflocculation phases, and the highest point of the peaks indicates the point where network bonds rupture. The goal of this study was to test the method reported by Ö rmeci on anaerobically digested sludge samples with several polymers, covering a wide spectrum of molecular weights and cationic charges, to establish a better understanding of how polymer-sludge interaction affects torque-time rheograms and peaks observed after polymer injection. The results from this study indicate that peaks can potentially be used to select the best performing polymer and identify the optimum polymer dose. In the underdose region, the peaks increase in size with increasing polymer dose until the optimum dose is reached. Once the optimum dose is reached, the peaks may decrease in size and then increase again, or stay same size until the polymer dose is very high. In the overdose region, very large and erratic peaks are observed which can be explained by the presence of unmixed polymer in the sample.
INTRODUCTION
Optimization of sludge dewatering procedures requires optimization of polymer conditioning. Wastewater treatment plants continue to use laboratory tests rather than in-line monitoring for the determination of the optimum polymer dose required to condition wastewater sludges, and frequently add more than the required polymer dose.
Overdosing sludge not only increases the operational costs but also has adverse effects on the environment.
Torque rheometry is one method that offers potential for Two different torque rheometry methods that can identify the optimum polymer dose have been reported in literature. The first method uses already conditioned sludge and utilizes the area (also known as totalized torque) under doi: 10.2166/wst.2008.018 the entire torque-time rheogram Ö rmeci & Abu-Orf 2006) . A decrease in the totalized torque values when increasing the polymer dose corresponds to the optimum polymer dose. The initial peaks observed with this method may provide some information on the characteristics of the conditioned sludge and the degree of flocculation, but they are heavily influenced by operational parameters and the initial turbulence created in the beaker when the impeller is started. The second method reported by Ö rmeci (2007) uses unconditioned sludge and utilizes the peaks, not the entire rheograms, observed after direct polymer injection into the sample. When three polymers were tested with mixed primary and secondary sludge, the peaks increased in height and size as the polymer dose was increased, reached their maximum at the optimum polymer dose, and decreased in height and size in the overdose region. The procedure was modified to eliminate the effect of the impeller and initial turbulence on the peaks. The method was recently tested at a wastewater treatment plant, and resulted in 50% reduction in polymer consumption and major savings for the treatment plant (Ö rmeci 2007) . In addition to optimizing the polymer dose, torque rheograms have recently been used to determine the shear intensity imparted to sludge during conditioning and dewatering operations (Ö rmeci 2007).
Several researchers have previously reported that conditioned sludges exhibit an initial peak, which increases as the polymer dose is increased (Campbell & Crescuolo 1982; Langer et al. 1994; Abu-Orf & Dentel 1999; Ö rmeci 2007) . The observed peak can be explained based on the research of Michaels and Bolger (1962) , Firth & Hunter (1976) , and Otsubo and Umeya (1982) by the existence of an elastic floc network. The elastic network increases the resistance of sludge to shear, and the peak indicates the point where the network bonds rupture (Langer et al. 1994) . The higher the peak, the more energy is needed to break the flocs (Abu-Orf & Dentel 1999) . A reliable correlation with the peaks and the optimum polymer dose could not be established when concentric cylinder rheometers were used. As reported by Campbell & Crescuolo (1982) , the use of rheological data from concentric cylinder rheometers is risky unless complete details of the test procedures are available. It was possible, however, to establish a relationship between the optimum polymer dose and the peaks when a torque rheometer was used (Ö rmeci 2007).
The method reported by Ö rmeci (2007) appears to have potential for in-line and on-site optimization of polymer dose. Another application is the use as a tool for treatment plant operators in the screening and selection of polymers.
However, further testing with several sludges and polymers are required to confirm the validity of the method. The objective of this study is to obtain a better understanding of how the polymer-sludge interaction affects the torque-time rheograms and the peaks observed after polymer injection by testing the method on different sludge samples with a wide range of polymers.
MATERIALS AND METHODS

Sludge samples
Anaerobically digested sludge samples were collected from Robert O. Pickard Environmental Centre (ROPEC) located in Ottawa (Ontario, Canada) and Gatineau Regional Wastewater Treatment Plant located in Gatineau (Quebec, Canada). Both treatment plants employ mesophilic anaerobic digestion.
Polymers
Seven different emulsion and dry polymers (Superfloc C1590, C1594, C1596, C1598, SD2081 supplied by Cytec Industries, and FloPolymer CA 4600 and CB 4350 supplied by SNF Ltd.), covering a wide spectrum of molecular weights and degree of charges were tested with anaerobically digested sludge samples collected from two treatment plants. The polymers were tested with both sludges. Due to space limitation, the results from three polymers are presented in this paper. These are FloPolymer CA4600 with Ottawa sludge, FloPolymer CB 4350 with Gatineau sludge and Superfloc C-1596 with Gatineau sludge. The polymer solutions for FloPolymers CA 4600 and CB 4350 were prepared at a concentration of 0.25%, and C1596 was prepared at a concentration of 0.5%. A higher concentration was used for C1596 since higher doses of the polymer were required to achieve a good level of dewatering, and it was necessary to keep the added volume of the polymer solutions in the same range to avoid diluting the sludge sample. The FloPolymers were dry polymers prepared by mixing with a magnetic bar mixer for an hour, mixing with an electric hand mixer for 10 seconds and then let to sit an hour before use. The Superfloc polymers were emulsions and were mixed for 20 seconds using a hand mixer and then allowed to sit for an hour before use.
Polymer solutions were prepared daily.
Rheological measurements
A torque rheometer (Floccky Tester manufactured by Koei Industries Inc., Japan) was used for rheological measurements. The Floccky Tester has variable impeller speeds, and can be programmed in different steps. It uses 200 mL samples.
The optimum speed for the sludge was determined each day, by varying the impeller speed in 10 rpm increments between 250 rpm and 350 rpm. The optimum impeller speed was taken as the speed, which created the biggest increase in the measured torque values when the speed was incrementally changed. The following method, which consisted of three steps, was used for rheological measurements (Ö rmeci 2007).
In
Step 1, the Floccky tester is set to rotate at a speed of 420 rpm for 10 seconds. This step is necessary to suspend the settled solids, and to uniformly mix the sludge. In Step 2, the sludge is mixed at the optimum speed for 40 seconds.
This step provides a baseline for the unconditioned sludge.
At the beginning of Step 3, polymer is injected into the sludge through ports in the reservoir, and sludge is mixed at the optimum speed for 2 minutes. A peak is observed right after polymer injection, which indicates the extent of flocculation caused by the polymer (Floccky Tester Manual, 2006) . The formation and deformation of the peaks typically take less than 1 minute, so 2 minutes provide enough time to observe the peaks and flocculation characteristics. By employing Step 1 and 2, the method eliminates the influence of the initial turbulence on the formation of the peaks in
Step 3. Three replicates were taken for each polymer dose.
The Floccky Tester's software reports both the area under the peaks, and peak torque values.
Dewaterability measurements
Capillary suction time (CST) and filtration tests were used to quantify the dewatering characteristics of the samples.
CST and filtration tests were conducted in duplicate or triplicate according to the Standard Methods (APHA 1995) .
For the filtration test, vacuum filtration was applied for 10 minutes using the entire 200 mL sample volume from the rheometer beaker, and the filtrate volume and cake solids contents were measured. The sludge samples used for dewatering tests were conditioned using the Floccky tester beaker. The samples were collected from the beaker 50 seconds after polymer injection, instead of 2 minutes, to avoid exposure of the samples to extended shear. It is well known that extended shear increases the polymer demand of sludge and changes the dewatering characteristics (Novak et al. 1988 ).
RESULTS AND DISCUSSION
Seven polymers were tested with two different sludges from Ottawa and Gatineau treatment plants during the course of this study. Due to space limitation, results from three polymer-sludge interactions are presented in this paper.
These are FloPolymer CA4600 with Ottawa sludge, FloPolymer CB 4350 with Gatineau sludge, and Superfloc C-1596 with Gatineau sludge.
FloPolymer CA 4600
FloPolymer CA 4600 is a cationic, high charge density, medium-high molecular weight polymer. FloPolymer CA 4600 was tested on sludge collected from the Robert O.
Pickard Environmental Centre (ROPEC) in Ottawa. This polymer is currently in use at ROPEC and is known to work well with this sludge. The optimum polymer dose was determined to be 10.5 g/kg DS using CST, filtration, and cake solids analysis (Table 1 ). Figure 1 (Langer et al. 1994) and can be used as a measure of degree of flocculation and floc strength. In the underdose region (8.5 g/kg DS), the peaks formed are small in size. When the polymer dose is increased, the peaks start to increase in size (e.g. 10 g/kg DS) in response to the added polymer. For this polymer and sludge, the peaks reach a local maximum at the optimum polymer dose of 10.5 g/kg DS, and then start to move down or decrease in size at 11 g/kg DS when the optimum dose is exceeded. In the overdose region, when the polymer dose is exceedingly high, the peak size again increases (e.g. 12.5 g/kg DS). The magnitude of the peaks is illustrated in Table 2 .
FloPolymer CB 4350
FloPolymer CB 4350 is a cationic, medium charge density, high molecular weight polymer. FloPolymer CB 4350 is currently in use at the Gatineau Regional Wastewater Treatment Plant and was selected for testing because it is known to work well with this sludge. Using CST, filtration, and cake solids tests, the optimum dose was found to be between 14-16 g/kg DS (Table 3 ). Figure 2 illustrates the rheograms obtained after polymer injection. In the underdose region, at doses such as 7 g/kg DS and 10 g/kg DS, the peaks increase in size and and height with increasing polymer dose. The peaks reach their maximum size at the optimum dose (14 -16 g/kg DS), and do not show a The torque-time rheograms obtained at polymer doses lower than 30 g/kg DS generated very small peaks, which indicates that the polymer was not effective and was not achieving good flocculation with strong flocs. These samples also had a high CST, and thus did not dewater well. Figure 3 illustrates the torque-time rheograms from samples conditioned in the range of 37 -47 g/kg DS. The magnitude of the first peaks, observed right after polymer injection, (corresponds to 50 seconds) were relatively small (around 8 mNm) even at these high doses. For comparison, the magnitude of the peaks observed with FloPolymer CB 4350 at the optimum polymer dose was around 11 mNm ( Table 2) . A very large, erratic second peak was observed right after the first peak for all doses. This large peak can be explained by the presence of large amounts of unmixed polymer in the sample, and does not necessarily indicate the flocculation characteristics of the sample.
Overall, the results from this study indicate that optimum polymer dose can be determined by studying the peaks formed after polymer injection using a torque rheometer. The peaks provide information on the flocculation and deflocculation phases as well as floc strength and suitability of a polymer for a given sludge. In the underdose region, the peaks increase in size with increasing polymer dose until the optimum dose is reached. Once the optimum dose is reached, the peaks may decrease in size and then increase again, or stay same size until the polymer dose is very high. During the course of this study, several polymers were tested with different sludges, and similar results were observed from different polymers (results from three polymers are presented). In the overdose region, very large and erratic peaks are formed as illustrated in Figure   3 . The unmixed polymer in the sample likely causes these peaks. In some cases, two peaks are observed after polymer injection as in Figure 2 . The second peak may be explained by the reflocculation of particles.
CONCLUSIONS
This study provides a means of quickly testing many different polymers to determine which polymer works best with the sludge to be treated, and also presents a quick way of determining the optimum dose for the sludge. For polymers that are well suited to the sludge being tested, either a local maximum peak height appeared at the optimum dose, or the peak height ceased to increase following the optimum dose. After the optimum dose was reached, the peaks first decreased in size and then increased again, or stayed the same size until the overdose region. In the overdose region, very large and erratic peaks were observed for all polymers. For polymers not well suited to the sludge, the magnitude of the peaks was much lower and could be distinguished easily.
